Introduction
It is now well-known that immune responses or inflammation in the central nervous system (CNS) play important roles in both chronic and acute neurological disorders. Excessive production of pro-inflammatory factors such as tumor necrosis factor  (TNF-), interleukin-1 (IL-1), nitric oxide (NO), and superoxide complicate the pathogenesis of neurodegenerative diseases (1) . They are important factors determining the fate of neurons and/or contributing to the expansion of injury volume. Although many lines of evidence show the detrimental effects of immune responses in the CNS, increasing lines of new findings demonstrate that immune responses can be beneficial to neurons as long as they occur at the right time and to an appropriate extent (2) (3) (4) (5) . How can we know when is the appropriate time for immune responses in the CNS to occur after brain injury, so that they are beneficial but not detrimental to neurons? Before we can answer this question, we have to understand how immune responses in the CNS are regulated and modulated by the micro-environment in the CNS, and of how some neuronal components stimulate immune responses to override the repressive signals.
Historically, it has been considered that there are few immune responses in the brain, stating the fact that the brain actively suppresses the occurrence of immune responses. The term 'immune privilege' to describe the ignorance of the immune system in the CNS is still partly correct for the normal brain (6) . The reasons for 'immune privilege' in the CNS are as follow: firstly, the presence of the blood-brain barrier excludes most of the immune system components although activated lymphocytes can infiltrate into the brain (7); secondly, the ability of antigen presentation as well as the expression of the major histocompatibility complex (MHC), an essential molecule for the presentation of antigen to T-lymphocytes, is suppressed in the CNS except in the presence of a potent immune stimulant (8) ; thirdly, in spite of the infiltration of T lymphocytes into the brain, they eventually undergo apoptosis so that very few T lymphocytes can be found in the brain (9) ; and fourthly, the production of pro-inflammatory cytokines such as TNF- and IL-1 is also limited so that the complete cycle for activation of infiltrating macrophages and lymphocytes cannot be easily accomplished (10) . Taking all these factors into consideration, a question of how immune responses in the brain are modulated by the CNS microenvironment receives increasing attention. The CNS requires a quiescent environment without any immune responses. Reactions of immune responses or the production of cytokines can disturb the normal functions of neurons including signal transmission between neurons (11, 12) . For example, IL-1 and TNF- have been reported to induce fever. Even normal sleep pattern can be affected by the level of TNF-α in the brain (13) . TNF- can also affect the uptake or release of neurotransmitters or amino acids (14) . These examples indicate that cytokines can disturb normal neuronal functions. To ensure normal neuronal functions or neuronal communication, immune responses and production of cytokines have to be controlled. In this review, we discuss how unique neuronal environment reduces or minimizes the occurrence of immune responses. No single neuronal factor is fully responsible for immune suppression in the CNS. This review will discuss how soluble factors as well as cell-cell contacts exert immune suppression.
Neuronal environment not only suppresses immune responses, but also, in some conditions such as ischemia and traumatic brain injury, facilitates immune responses. In fact, numerous reports have shown the activation of microglia after brain injury. In this review, we also discuss how neuronal environment or components facilitate immune responses and to override suppressive signals in case of brain injury. This article is to review different studies of how unique neuronal environment modulates immune responses in the CNS. An understanding of all the repressive mechanisms can definitely help us to redesign the therapeutic interventions for neurodegenerative diseases, because suppression of immune responses is not always beneficial to neurons in degenerative diseases.
Suppressive signals for cerebral immune responses
Perry and his co-workers had observed long ago that there are differences between the inflammatory responses in the CNS and peripheral systems (10) . According to these authors, if the bacterial endotoxin lipopolysaccharide (LPS) (20-200 ng/ml) was injected into the hippocampus, activation of microglia could be observed only after 48 h. The delayed responses of microglia are not because microglia has different metabolic properties to macrophages. It has been reported that recruitment of macrophages to injured optic nerve but not sciatic nerve is limited by resident factor (15) . Also, when macrophages are incubated with optic nerve in vitro, production of nitric oxide is significantly reduced (16) . In addition, only few neutrophils infiltrate into the CNS parenchyma. Apart from this study, Dusart and Schwab showed the restricted inflammatory reaction after dorsal hemisection of rat spinal cord (17) . Furthermore, another study showed the injured optic nerve and sciatic nerve also had differential effects on macrophages and microglia (16) . All these findings demonstrate that the environment or some factors produced by the cellular elements in the CNS have immune suppressive effects.
Neurotransmitters and neurohormones
A unique aspect of the environment in the CNS is the abundance of neurotransmitters released by neurons. All brain cells are continuously exposed to neurotransmitters. Therefore, how neurotransmitters affect cerebral immune responses has long been investigated. Early studies from Frohman and co-workers have observed that norepinephrine (NE) could suppress interferon-γ (IFN-γ)-induced MHC class II expression on astrocytes (18) . Subsequently, Feinstein's group has further proved that NE can significantly reduce production of nitric oxide and IL-1β by rat cortical microglia (19). Frohman's group also found that another neurotransmitter vasoactive intestinal peptide (VIP) could also inhibit the expression of MHC class II antigens on astrocytes (20) . It was then proposed that these two neurotransmitters stimulate the synthesis of intracellular cyclic adenosine monophosphate (cAMP) resulting in the inhibition of MHC class II expression (21) . In spite of the fact that the concentrations used in these studies are quite high, a report using a drug propentofylline to increase intracellular cAMP has proved the immune suppressive effects of cAMP on microglia (22) . Not only NE or VIP, but also glutamate has been demonstrated to suppress MHC class II expression on astroglia (23) . Regardless of the nonphysiological concentrations used in these experimental models, the series of studies suggest that neurotransmitters are able to modify immune responses in the brain because the expression of MHC class II antigens is important for T lymphocytes to initiate cell-mediated immune responses. Recently, Hong's laboratory showed that very low concentrations of dynorphin (10 -14 -10 -12 M) are sufficient to reduce LPS-stimulated activation of microglia, and in turn the production of pro-inflammatory factors such as NO, superoxide and TNF- in vivo and in vitro studies (24) (25) (26) . Furthermore, opioid receptor antagonist can be a biological Volume 6 Number 5 October 2009 target to reduce free-radicals production (27) .
Besides neurotransmitters, neurohormones can also exert immune suppressive effects on microglial cells. For examples, -melanocyte-stimulating hormone has been shown to inhibit the production of TNF- and NO by IFN--and -amyloid-stimulated microglia (28) . Recently, several laboratories have investigated the effects of estrogen on microglial cells. It has been shown that application of 17-estradiol to N9 microglial cells could reduce LPS-and phorbol ester-stimulated superoxide production and phagocytic activity (29) . Other laboratories also showed that 17-estradiol could reduce morphological changes of isolated microglial cells during the activation processes (30) . In addition, 17-estradiol could reduce LPS-stimulated NO, prostaglandin-E 2 and metalloproteinase-9 production (30). Although the receptors for estrogen, ER and ER, were found to be expressed on microglial cells and effects of 17-estradiol on microglial cells have been shown to be estrogen receptor-mediated because the antagonist ICI 182,780 could block its effects (29, 30) , estrogen was also shown to have other effects such as induction of apolipoprotein E (apoE) in brain glia (31) . Since apoE was also shown to be an immune suppressant, the immune modulation effects of estrogen on microglial cells may not be limited to the signaling events associated with its receptors.
Taken all the evidence from neurotransmitters and neurohormones together, a wide array of neurotransmitters and hormones can suppress cerebral immune responses on both microglia and astrocytes. A recent report has shown that venlafaxine, an antidepressant for blocking NE-serotonin reuptake system, elicits anti-inflammatory by reducing IL-6 and IFN-γ in a microglia-astrocytes co-cultures (32) . This is an example of therapeutic intervention by utilizing our knowledge in modulating immune responses of glial cells.
Neurotrophic factors
Apart from neurotransmitters, the brain is very rich in neurotrophic factors because both neurons and glial cells synthesize various neurotrophic factors. Neumann and co-workers were among the first to discover that neurons could express MHC class I antigens provided that electrical activity was suppressed by tetrodotoxin (TTX) (33) . Furthermore, they found that the expressions of MHC class II on astroglial and microglial cells are inhibited as long as neurons maintain their electrical activity (34) . While blockage of neuronal activity with TTX enhanced the expression of MHC class II antigens on microglial cells stimulated with IFN-, direct application of TTX to isolated microglial cells did not affect their MHC class II expression. In contrast, application of neurotrophins or neutralization of neurotrophins with antibodies could modulate the MHC class II expression on isolated microglial cells (8) . Therefore, the electrical activity might alter the production of neurotrophins, which in turn affects the expression of MHC class II antigens on microglial cells. Besides MHC class II expression, the expressions of CD40 and the co-stimulatory factor B7-1 on microglial cells for T lymphocytes were found to be reduced by nerve growth factor (NGF) (35) . Recently, transendothelial migration of monocytes was also shown to be inhibited in the presence of NGF (36) .
Among the different neurotrophins, only NGF and neurotrophin-3, but not brain-derived neurotrophic factor (BDNF), were found to effectively inhibit IFN--induced MHC class II expression on microglial cells (8) . Since the low-affinity receptor p75 for neurotrophins is expressed on microglial cells, it was postulated that cellular signaling events associated with p75 mediate the immune suppressive effects of NGF or neurotrophin-3 (8) .
Although a p75 signaling pathway has been hypothesized, another report showed different results. Apart from the expression of MHC class II antigens, neurotrophins were also found to reduce LPS-stimulated NO production by microglial cells (37) . In this report, only BDNF but, to a less extend, neurotrophin-3 could reduce LPS-stimulated NO production while NGF and neurotrophin-4 did not. Interestingly, these authors demonstrated the presence of TrkA, TrkB, TrkC, and p75 receptors on isolated microglial cells, while the TrkA receptor was not found on microglial cells by Neumann's laboratory. Taking all these results together, it is possible that the signaling events associated with TrkA or p75 are different and affect only certain types of immune activity of microglial cells, so that different results were obtained from the two laboratories.
Anti-inflammatory cytokines and factors normally expressed in the brain
One way to exert constant immune suppression is the production of anti-inflammatory cytokines. Early studies demonstrated the production of transforming growth factor- (TGF-) (38) (39) (40) , an anti-inflammatory cytokine, by gliomas. Microglial cells can express TGF- to function as autocrine or paracrine signals to inhibit the proliferation of the astroglial and microglial cells themselves (41, 42) . Consistent with this notion, it has been considered that TGF- is one of the soluble factors produced by astrocytes in a constitutive and inducible manner to reduce the immune responsiveness of microglial cells to LPS (43) . When microglial cells were co-cultured with astrocytes, the responsiveness of microglial cells to LPS was reduced in term of the level of inducible NO synthase. From this line of studies, interactions between astroglial and microglial cells already establish the first line of control for cerebral immune responses. Apart from its anti-inflammatory functions, TGF- was also found to induce apoptosis of microglial cells to further deplete the number of microglial cells (44) . The presence of anti-inflammatory cytokines such as TGF- functions as a kind of policeman patrolling the neuronal environment to restrict the occurrence of cerebral immune responses. Since both astroglial and microglial cells can produce TGF- to different extends, TGF- may serve as an auto-regulator and may help the brain recover from immune responses after injury. In this notion, if TGF- is so potent as an immune suppressant, can we over express TGF- so that immune responses cannot occur in the brain? Unfortunately, the answer to this question is quite disappointing. It has recently been shown that chronic overproduction of TGF-1 by astroglial cells can promote the deposition of -amyloid, which can in turn stimulate glial immune activities (45) . Therefore, although TGF- exerts immune suppression, its side effects may activate glial immune responses. The use of TGF- as a pharmaceutical agent against cerebral immune responses is still waiting for further studies.
Besides TGF-, another anti-inflammatory factor in the brain is apoE. ApoE has also received increasing attention because of its involvement in AD (46) . It has been shown that the production of TNF-, IL-1, IL-6 and NO by glial cells prepared from apoE-deficient mice was significantly higher than that from wild-type mice (47, 48) . These results suggested that constitutively expressed apoE or apoEmimetic peptide was able to repress glial immune responses by inhibiting the production of TNF- and NO (49) .
Albeit not anti-inflammatory cytokines, there is increasing interest in studying the effect of chemokines. Among the various chemokines, fractalkine has been shown to reduce LPS-stimulated activation of microglia (50) . Fractalkine, a CX3CL1 chemokine, is produced by neurons (51) . The protein and the mRNA for its receptor CX3CR1 have been shown to be expressed in microglial cells (51, 52) , and astroglial cells (53) . Although inhibitory effects of fractalkine on TNF- production have been reported, fractalkine can also induce migration of monocytes across the endothelial cells (54) . However, CX3CL1 has recently been found as a mediator for initiation and maintenance of pain hypersensitivity (55) , rendering a doubt of whether it can be used as therapeutic agent to suppress glial immune responses.
Cell-cell contact via adhesion molecules
While there are reports showing how soluble factors including neurotransmitters, neurohormones, neurotrophic factors or anti-inflammatory factors restrict cerebral immune responses, several laboratories have started to explore cell-cell contact as another mode of immune suppression. McMillian and co-workers (56, 57) were amongst the first to notice that the presence of neuronal cells can reduce the activity of glial cells, such as immunoreactivity of glial fibrillary acidic protein (GFAP), a marker of reactive astrocytes in inflammatory responses. These results led this group to further examine whether neurons also suppress immune responses of glial cells.
In an in vitro experiment using mixed glial cultures and neuron-glia mixed cultures with the stimulation by LPS, the production of pro-inflammatory factors such as NO and TNF by neuron-glia mixed cultures was significantly lower than that by glial cells (58, 59) . By comparing the doseresponse curve and time course of NO production, glial cells in neuron-glia mixed cultures were less responsive to LPS than when they were cultured alone (58) . From the studies of neurotransmitters to pro-inflammatory factors, the effects of neurons seem to require cell-cell contact between neurons and glial cells. Among all of the different proteins expressed on the membranes of neurons and glial cells, neural cell adhesion molecule (NCAM or CD56 on natural killer cells) is one of the proteins abundantly expressed on both types of cells. NCAM has been considered as an important adhesion molecule facilitating neuronal differentiation and neurite outgrowth (60) . Neurons and astroglial cells make contact via NCAM-NCAM homophilic binding resulting in neurite outgrowth. Interestingly, homophilic binding of NCAMs can inhibit the proliferation of astroglial cells in cultures without inducing the death of astroglial cells (61) and in animals after stab wound injury (62) . This series of findings are physiologically relevant because the proliferation of glial cells, also termed reactive gliosis, after brain injury is restricted if exogenous NCAMs are applied to the injured area. By using this concept, we applied soluble NCAM to the mixed glial cells stimulated with LPS. Consequently, the production of NO was also significantly reduced (58, 63) .
NCAM has two fibronectin domains and five immunoglobulin (Ig) domains. It has been found that the third Ig domain is important for mediating the effects of NCAM on neurons and glial cells (62, 64) . NCAM-mediated inhibition of astroglial proliferation is blocked by the glucocorticoid receptor antagonist RU-486 and is considered to be mediated via the glucocorticoid receptor pathway (64, 65) . By applying an antibody which can bind to the third Ig domain and function as an NCAM (66) to mixed glial cultures stimulated with LPS, the production of NO was also significantly reduced (63) . However, an antibody binding to other regions of NCAM did not affect NO production. This study showed that inhibitory effects of NCAM on glia are likely to be mediated via the homophilic binding between the third Ig domains. The study demonstrates that interactions between neurons and glial cells via NCAM-NCAM interactions can restrict the responsiveness of glial cells to endotoxin and probably other immune stimuli. Indeed, recently a couple reports using an NCAM-mimetic peptide targeting the fibronectin domain instead of the third Ig domain have shown anti-inflammatory effects (67, 68) . The underlying mechanisms of this anti-inflammatory peptide are related to another important molecule, CD200.
Besides NCAM being reported to mediate suppression of immune responses on glia, the functions of CD200 (former name as OX2) have received increasing attention for its roles in suppressing activation of microglia. It has been firstly reported that expression of CD200 receptor on macrophage lineage can modulate their activation state (69) . It was then found that neurons in the brain as well as retina express its ligand CD200, through which can down-regulate activation of microglia (70) (71) (72) . All these reports suggest that interaction between glia (astrocytes and microglia) and neurons via CD200-CD200R elicits suppressive effects on glial inflammatory responses. More studies are on the way to investigate how to manipulate their expression. A very recent report has shown that the expression of CD200 is decreased in IL-4-deficient mice (73) . Since IL-4 is an antiinflammatory cytokines, the expression of CD200 to maintain microglia in quiescent state may be related to the production profile and level of anti-inflammatory cytokines.
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Unique CNS environment facilitates immune responses
In the normal brain, immune responses are difficult to induce or the production of immune responses is relatively less than in peripheral systems because of the various mechanisms of immune suppression discussed above. However, once neuronal injury such as brain trauma and ischemia have occurred, activation of glial cells to produce proinflammatory factors and transformation of resting glia to reactive glia become prominent (74, 75 
Increase in extracellular potassium ions
In certain types of neurological disorders, such as ischemic and traumatic brain injuries, the pathophysiological changes are often complicated by an increase in extracellular potassium (K + ) ions. Consequently, K + ions repeatedly trigger transient depolarizations across the cerebral cortex called spreading depression (SD). Koistinaho and co-workers (76) have suggested that the number of waves of SD is directly proportional to the amount of neuronal death. Therefore, SD after brain injury has been suggested to be a key factor expanding neuronal injuries (77) .
In these kinds of brain injuries, activation of microglial cells and their production of TNF often occur at early time (74, 75) . This phenomenon is in contrast to what we have discussed about immune suppression by neuronal environment. Therefore, we evaluate what signals facilitate activation of microglial cells. To answer this question, we have to first understand the physiological properties of microglial cells and their responsiveness to environmental changes. It has been reported that microglial cells express inwardly rectifying potassium channels that make them sensitive to changes of extracellular K + ions (78) . Upon activation by mitogen or immune stimulant such as LPS, microglial cells then express outwardly rectifying potassium channels (79, 80) . With this physiological property, it is possible that an increase in extracellular K + ions can augment activation of immune responses by glial cells. An early study has shown that injection of 4 M KCl into the cortex induced cortical SD. The SD induced by KCl was sufficient to activate microglial cells and resulted in morphological changes, an index for activation of microglial cells (81) . Later, a report showed that an increase in the concentration of K + ions in the culture medium significantly augmented LPS-stimulated NO and TNF- production by mixed glial cells or isolated microglial cells (82) . Consequently, death of neurons was also markedly increased. Not only activation of microglial cells, but an increase in GFAP staining, a marker for astroglial cells, was also found after SD (83) . These findings are in agreement with the hypothesis (77) that SD contributes to the expansion of brain injury after ischemic and traumatic brain injuries. Therefore, it may serve as a stimulatory factor that can override the repression of cerebral immune responses by the neuronal environment. According to this notion, activation of microglial cells or the cascade of cerebral immune responses can occur without encountering lesion-induced injury. This concept may be applied to other types of injuries such as facial nerve injury because it is still unclear how the loss of retrograde transport activates microglial cells. Facial nerve transection does not result in disruption of membrane integrity but microglial cells are somehow activated (84) . Perhaps, it is possible that changes of the extracellular environment such as the concentration of K + ions activate microglial cells.
ATP and adenosine
Apart from K + ions, it has been reported that microglia express purinoreceptors (P 1 , P 2x and P 2y ) (85, 86) that can bind ATP and adenosine. Binding of ATP or adenosine on microglial cells results in depolarization and an increase in intracellular calcium ions (80, 87) . The cellular signaling pathways of ATP and adenosine are similar to those observed for high concentrations of K + ions. Therefore, it is suggested that ATP and adenosine are immune stimulatory factors in brain injury. High levels of ATP and adenosine in the extracellular space are released by injured neurons and other cells (84) . Therefore, most of the studies employed high concentrations of ATP or adenosine (88, 89) . Not only microglial cells, but peripheral macrophages were also found to be stimulated by ATP (88) because they carry ATP-activated Ca 2+ -permeable channels (90) . Also, activation of purinoreceptors can stimulate NF-AT which can in turn activate microglial cells (91) . A very recent report shows that ATP can interact with adenosine A 2A receptor to retract the processes so that microglia can become amoeboid activated state (92) . While many reports have demonstrated that ATP and adenosine are immune stimulants, a report has shown that they could also be immune suppressants (93) . It should be noted that ATP can also induce outward currents in microglial cells (85) , which renders microglial cells less sensitive to the changes of extracellular K + ions. Therefore, it is also possible that ATP and adenosine function as immune suppressants depending on the exposure time.
Pharmacological approach to modulate glial immune responses
It has long been considered that inflammatory responses in the CNS are detrimental to neurons. Indeed, most of the situations of inflammatory responses in neurological disorders are bad to neurons. Therefore, use of immune suppressive drugs is helpful. However, increasing lines of evidence have demonstrated that appropriate activation of the body immunity can exhibit neuroprotection in different types of neurons (94, 95) . Whether microglia elicit detrimental or beneficial effects to neurons may depend on the activation state of microglia. Conventional stimulation of microglia/ macrophages by classical pathogens such as bacterial endotoxin LPS or zymogen can be neurodestructive, because massive production of free-radicals triggered by these stimuli can induce both apoptosis and necrosis of neurons. Besides free-radicals, high levels of pro-inflammatory cytokines such as TNF can also induce neurodegeneration. This kind of stimulation can eventually result in activation-induced cell death depleting the pool of these innate immune cells in the CNS. Therefore, conventional stimulation of microglia/ macrophages not only produces cytotoxic pro-inflammatory factors, but also depletes the pool of the innate immune cells to elicit possible neuroprotective effects.
In contrast to conventional stimulation, activation of microglia/macrophages can be modulated by the cytokines secreted by infiltrated T-lymphocytes, or the local CNS environment, which is named as restricted (appropriate) stimulation. Cytokines released from CD4 + /CD25 + regulatory T cells or Th2 cells such as IL-4, IL-10 or TGF-β can markedly modulate the activation state of microglia/ macrophages. These cytokines have been considered to be immune suppressive and can be produced by Th2 cells or CD4 + /CD25 + regulatory T cells (96, 97) . IL-4 has been shown to suppress the expression of class II of major histocompatibility complex (MHC class II), co-stimulatory factor B7 and CD40 on microglia, which can impair the activation of Th1 cells. However, IL-4 can stimulate the proliferation of microglia and intracellular signaling of STAT6 in microglia/macrophages, which may modulate immune responsiveness (98) . Apart from Th2 cells, cytokines such as IL-2 or IFN-γ can be secreted from Th1 cells and have significant implication in various neurodegenerative diseases (99) .
Taken all these previous reports together, we should now classify activation states of microglia into three classes: the resting state with lots of processes and small size of cell body in morphology; the semi-activated state with thick and short processes and large size of cell body; the fully activated state with very thick processes and very large size of cell body with sometimes amoeboid shape (Figure 1 ). While the fully activated state of microglia can produce free-radicals including superoxide and nitric oxide as well as different proinflammatory cytokines, semi-activated state of microglia can produce trophic factor without producing free-radicals. In this notion, resting microglia can function like a security guard for immune surveillance, semi-activated microglia can function as a police officer to prevent any bad situation for further neuroinflammation and to protect citizen neurons without miss-firing by-stander neurons, and fully activated microglia can function as army responsible to fight in a battle. Nevertheless, the by-stander neurons will be damaged unavoidably.
For the field of neuroimmunology, the neuroprotective roles of microglia in different neurodegenerative diseases have been actively investigated. Therefore, elucidating the functional roles and biological activity of restricted activation of microglia/macrophages by these cytokines has attracted many laboratories in this line of research. Immunosuppressive drug for pharmacological intervention of microglia has long been a central thought in minimizing neuroinflammation. For example, use of minocycline or even FK506 is still actively investigated. . Therefore, we have to choose large area for the image. Since the processes can go up and down the tissue, the processes appear to be broken lines. Also, the cell body is very small. Upon mild activation by monocytes chemoattractant protein-1/CCL2 (100 ng), the processes become shorter and thicker than the resting counterpart (B). Also, the cell body is larger than that of resting. If microglia are activated by bacterial endotoxin lipopolysaccharides, microglia have the thickest processes with very big cell body (C). One can further characterize biochemical processes and the inflammatory factors being produced by different states of activation. Scale bar is 5 µm.
neuroprotection (100) . There are several reports showing that it can attenuate activation of microglia to reduce neuroinflammation in Alzheimer's disease, macular degeneration and glaucoma (100) (101) (102) . It was originally thought that it can modulate regulatory T lymphocytes. Now it has been shown to modulate microglia to relieve the stress from neuroinflammation. Besides, the use of anti-inflammatory cytokines such as IL-10 is actively under investigation. While IL-10 can reduce production of pro-inflammatory cytokines and retune microglia to police-state, direct interactions between IL-10 and neurons to safeguard neurons may complicate our understanding of its anti-inflammatory role. In addition to the above pharmacological intervention, our laboratory has investigated the role of herbal medicine to mildly modulate microglia. One of the examples is the use of Wolfberry polysaccharides (103) . We have shown that polysaccharides from Wolfberry can retune microglia into police officer mode to provide neuroprotection to neurons in glaucoma, neurodegeneration in the retina. This line of research is just at the beginning of exploration.
Concluding remarks
It has long been known that immune responses in the brain are difficult to induce and the production of proinflammatory factors is less than that in the peripheral systems. However, it is still unclear which kinds of signals or factors contribute to immune suppression. This review provides information about what has been found in this line of research. Essentially, no single factor is fully responsible for immune suppression. Rather, soluble factors as well as cell-cell contact via adhesion molecules or CD200R together lead to repression of immune responses. Immune suppressive effects of neurotrophins are an attracting idea. However, it has been reported that production of neurotrophins in experimental brain trauma such as CNTF requires the stimulation of IL-1β as there is no up-regulation of CNTF in genetically deficient for IL-1β mice (104) . In addition, chronic overproduction of TGF-β1 by astroglial cells in TGF-β1 transgenic mice promotes the deposition of β-amyloid peptides, which can in turn stimulate microglial immune activities (45) . These lines of results may question about the possibility of using soluble factor as pharmacological intervention of neuroimmune responses. To further investigate how neuronal environment affects the immune responses, we have to explore more on how cell-cell contacts and the intracellular signaling for suppression of microglia so that neuronal communications are normal in a peaceful environment. Although cerebral immune responses are highly restricted, activation of glial cells to initiate the cascade of immune responses is possible once neuronal injury occurs or in the presence of stimulatory signals which override the repressive signals. Inhibitory and stimulatory signals are actively competing with each other. Interactions between astroglia and microglia represent the first line of repressive control. However, they can also work together to initiate the cascade of cerebral immune responses. A burst of immune responses can become uncontrollable and kill the neighboring neurons. In normal conditions, neurons and their secreted products exert immune suppression by cell-cell contact or the production of soluble immune suppressive factors.
While cerebral immune responses have long been considered to be detrimental factors contributing to the expansion of brain injury, increasing lines of evidence have shown that appropriate immune responses can also be beneficial, protect neurons and promote neuroregeneration (2, 4, 5) . Therefore, it is essential to further understand which factors are involved in the repression of immune responses and how they are regulated. Reduction of immune responses simply by blocking the production of all kinds of inflammatory factors may not be a good therapeutic strategy. Appropriate manipulation of the cascade of immune responses may be beneficial to neurons. Like glutamate which is a part of neurotransmission in the brain, components in the cerebral immune responses also try to protect us from foreign antigens. A better understanding of all immune components can definitely help us to design better therapeutic interventions against many neurological disorders.
